Estimation of overhead production enrichment in continuous foam separation was conducted with a surfactant: sodium n-dodecylbenzenesulfonate (SDBS), and soluble proteins: ovalbumin (OA) and hemoglobin (HB). Axial profiles of the volumetric flow rate and the concentration of the collapsed foam liquid within the column were measured, and the enrichment ratio and the liquid holdup in axial direction were determined experimentally. The proposed model was fitted to the experimental results obtained with various experimental conditions (superficial gas velocity, feed concentration, and pH) and was in reasonable agreement with the experimental data by using the least square regression. The present model makes it possible to estimate the foamate concentration at a desired foam height.
Introduction
The foam separation technique has been widely used in ore flotation [1] , waste water treatment [2] , and food and biochemical industries [3] [4] [5] [6] [7] .Especially this technique is useful to enrich objective surface-active substances from dilute aqueous solution. The enrichment process is mainly dominated by (i) adsorption of objective substances onto bubble surface within bubble dispersed bed and (ii) drainage within foam bed.
It has been well known empirically that concentration of foamate (collapsed foam liquid) increased exponentially in the axial direction within the foam because of liquid film thinning and drainage of liquid in foam due to gravitational acceleration and plateau border suction. This fact suggests that the concentration of the liquid in the foam will be changed with the overflowing and the sampling position in the axial direction of the column. It is important to estimate the degree of the enrichment at each axial positions for operating this technique.
Many investigators proposed the model for liquid drainage in foam. Hartland and Barber [8] proposed a model for cellular foams in batch foaming system by and many parameters.
In this study, a simple model for estimation of the enrichment within foam bed in axial direction was proposed with two parameter. Continuous foam separation experiments were conducted with sodium n-dodecylbenzenesulfonate (SDBS), ovalbumin (OA) and hemoglobin (HB). The proposed model will be verified with the experimental results.
Description of enrichment model

Enrichment ratio in foam bed
In continuous foam separation, the concentration, C f , of the collapsed foam liquid is expressed as the following equation from the mass balance:
where, ε and S f are the liquid holdup and surface area of bubbles per unit volume in the foam bed at height H from the liquid-foam interface, respectively. C b is the concentration of the bulk liquid in the column. X is the adsorption density on bubble surface. Enrichment ratio is defined as:
Approximately, the liquid holdup can be expressed as:
δ is the thickness of liquid film. Moreover, X is expressed by Langmuir's type isotherm [20] [21] [22] :
where, K and γ represent the equilibrium adsorption constant and the saturated surface density, respectively. The following relationship is derived from Eqs. (1) - (4):
Then, if variation in S f in foam height is small, that is, assuming that the surface area, S f0 , of bubbles at liquid-foam interface within the column is mostly equal to S f [22, 23] , the following relationship is also derived from Eq. (5):
Therefore, if variation in ε in axial direction can be known, variation in E will be determined.
Liquid holdup in foam bed
Assuming that the decreasing rate of the liquid holdup is proportional to the present liquid holdup, the next relationship is obtained as:
where α is decreasing rate coefficient. Relationship between the superficial gas velocity, u g , and rising velocity, v, of gas is expressed as:
In foam bed, gas (bubbles) accompany with liquid in foam, therefore, rising velocity of the liquid in foam should be equal to v. In the present conditions, the liquid holdup is sufficiently smaller than 1, thus, the rising velocity of the foam within the column will seem to be equal to the superficial gas velocity. Therefore, displacement of the foam for dt is expressed as:
From Eqs. (7) and (9), the next equation is obtained.
By solving Eq. (10) with an initial condition (ε = ε 0 at H = 0),
ε 0 is the liquid holdup at the liquid -foam interface (H = 0).
Determination of parameter
Finally, the following equation is obtained from Eqs. (6) and (11):
Plot of ln(E-1) versus H will give a straight line. By comparing the experimental values with Eq. (11), α and ε 0 will be determined, and S f0 will be also determined by intercept of Eq. (12).
Experiments
Materials
Ovalbumin (egg white) (OA) was purchased from Eastman Kodak Company or Difco Laboratories. Hemoglobin from bovines (HB) and sodium n-dodecylbenzenesulfonate (SDBS) were purchased from Wako Pure Chemical Industries, Ltd. (Japan). These were used without further purification. The ion strength and pH of protein solutions were adjusted with NaCl at 5×10 -3 M and with aqueous HCl or NaOH to several desired values.
Experimental setup
A foam column used in this study was almost the same apparatus as described in the previous studies [22] [23] [24] . The column was constructed of a transparent acrylic resin tube of 4.4 cm inside diameter and 95 cm in height. A sintered glass filter with average pore size from 10 to 15 µm was installed as a gas distributor at the bottom of the column. Nitrogen gas was supplied to the column through the distributor as bubbles. In the experiments, a foam collector was equipped at the top of the column to entrap foam generated from the liquid surface. Pressure taps for measuring gas holdup in the column were along the wall installed at intervals of 25 cm.
Experimental procedures
The procedures are also almost the same as those described in our previous paper [22] . 
Results and Discussion
Surface area of bubbles in foam bed
The ε was determined from the next relationship: Table 1 . The values of K and γ for OA and HB were determined by continuous foam separation experiments [22] .
The value of these for SDBS was also determined by the same method in the present study. The value of γ for SDBS was mostly close to the values in literature [26, 27] . The scatters of data for OA and HB should be caused by the measurement error of W f . In case of HB, although remarkable coalescence of bubbles within the foam was not observed visually, however, the foam of HB seemed to be more dry and cellular foam rather than the foam of OA. Therefore, more high concentration region had to be employed in case of HB. In comparison with values of γ for OA and HB at i.e.p., γ for OA is 1.5-fold larger than that for HB (Table 1 ). This may affect that OA foam seems to be more stable than HB foam in Fig. 1 . As shown in the figure, S f was not varied widely in the axial direction. Thus, S f seemed to be constant in the present experimental conditions for SDBS, OA and HB.
Verification of the present model
Typical experimental results of the liquid holdup, ε, are shown in Fig. 2 Good agreement between the experimental values and the calculated ones was recognized. These results would support the validity of the present model. In comparison with value of α for SDBS (Fig. 4(a) ) and proteins ( Fig. 4(b) ; OA and HB), protein foam seemed to be stable and wet comparatively in lower bulk concentration region. In Fig. 4(b) , influence of pH was slightly observed at pH 4.6
Parameters estimated from the present model
for OA (open triangle). and at pH 6.0 for HB (open circle and open diamond). a values for these are lower than that for the other pH for OA and HB, respectively.
At the pH (4.6 for OA and 6.0 for HB), the value of K is largest than that at the other pH.
In the present experimental conditions, the surface tension value were 6.5×10 
where ε g , g, ρ l , ρ g , and µ l represent the gas holdup in the bubble dispersion phase, the gravitational acceleration, the densities of liquid and gas, and the viscosity of the liquid, respectively. (14), although some scatters were observed.
Influence of pH on ε 0 and r b for both OA and HB was not observed in Fig. 5 because of some scatters. This suggests that ε 0 was mostly affected by bubble size.
The most estimated r b for proteins concentrated in the range of from about 0.05 to 0.09 cm and the data scattered appreciably. This reason cannot be clarified for the present. However, Eq. (14) can represent the tendency of change in ε 0 adequately for the present system.
Conclusions
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